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ABSTRACT
Competition for limited available water for crop production is an ever-increasing issue for 
farmers due to increasing demand of irrigation water worldwide. Due to high energy cost 
in operating pressurized irrigation systems, energy-efficient low-pressure wick irrigation 
systems can play important roles for smallholder greenhouse crop production by ensuring 
higher water use efficiency than most traditional approaches. The objectives of this study 
were to investigate HYDRUS 2D-simulated water distribution patterns in soil and soilless 
growing media, and to evaluate water balance in these media under capillary wick irrigation 
system. To accomplish these objectives, eggplants (Solanum melongena L.) were grown 
in potted peatgro and sandy clay loam in a greenhouse experiment, water distribution was 
simulated by using HYDRUS 2D software package and compared with the measured 
values, and water uptake by the plant roots was determined for water balance calculation. 
The wetting pattern was found axially symmetric in both growing media (peatgro and 
soil) under the wick emitters. The simulated 
water distribution in both growing media 
revealed dependency of spatial extent of the 
wetted zone on water application period and 
hydraulic properties of the media. The mean 
absolute error (MAE) in water content over 
depth varied from 0.04 to 0.10 m3 m−3 and 
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the root mean square error (RMSE) varied from 0.04 to 0.11 m3 m−3. Deviations between the 
measured and simulated water contents in the peatgro medium were larger over depth than 
over lateral distance. In contrast, the model criteria matched well for the sandy clay loam 
and provided MAE of 0.01 to 0.02 m3 m−3 and RMSE of 0.01 to 0.03 m3 m−3, indicating 
good agreement between the measured and simulated water contents.
Keywords: Numerical modeling, water balance, water distribution, Wick irrigation
INTRODUCTION
Global agriculture has changed dramatically over the last few decades, and the use of 
soilless cultures has expanded considerably (Raviv and Lieth 2007). Plant production 
in containers/pots is characterized as either soilless or soil-based medium; typically, 
the latter is found in usual practices. Currently, several crops are cultivated on different 
substrates such as peat, perlite, rockwool, coconut coir and scoria (Bougoul and Boulard, 
2006; Naddaf et al., 2011). The soilless substrates are characterized by greater fluctuations 
in the key variables that affect conditions of crop growth. Compared to mineral soils, 
soilless media in containers, usually, have a smaller root zone, higher water holding 
capacity, higher percentage of available water, lower water tension and higher hydraulic 
conductivity (Schröder & Lieth, 2002). But, supplying too little or too much water results 
in decreasing plant productivity or, when extreme, can cause plant damage (Raviv and 
Lieth, 2007). Excessive water application can also cause runoff, causing soil erosion and 
nutrient loss. Consequently, growers often intend to optimize root-zone conditions for 
betterment of their crops by looking for new design and implementing systems that allow 
better control of the root-zone variables. They always look for a cost-effective water- and 
fertilizer-efficient irrigation system.
Three main types of irrigation system – overhead sprinklers, drippers and sub-irrigation 
– are commonly used to produce potted plants. The sub-irrigation system includes three 
irrigation methods: ebb and flow (Ebb) system, capillary mat system and capillary wick 
system (CWS) (Son et al., 2006). The CWS is often regarded as an efficient system for 
potted plants since it reduces costs of water and labor compared to conventional irrigation 
systems (Dole et al., 1994). It is a more efficient and environment-friendly system with 
minimum water and nutrient loss than other irrigation systems, and it augments water 
and nutrient uptakes by plants (In et al., 2003) with a resulting higher and good quality 
production. Additionally, being easy and cheap, the installation and operation of the 
method are inexpensive (Bainbridge, 2002). A few researchers have developed and tried the 
capillary wick irrigation system for potted plant production in greenhouses and nurseries 
in Japan and South Korea (Kwon et al., 1999). They reported avoiding excess water loss 
and obtaining uniformity in production as the important advantages of CWS. The ability of 
a capillary wick system in raising water was reported to be 10 to 20 cm (Lee et al., 2010; 
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Wesonga et al., 2014). The reported disadvantages of the system are that the wick materials 
become moldy causing development of biological activities in the water reservoirs over 
time that are likely to hamper water transport (Toth et al., 1988; Bainbridge, 2002) and 
build up of salt in the upper portion of the growing media when irrigation water is saline 
(Raviv and Lieth, 2007). 
In order to design and manage a cost-effective and efficient capillary wick irrigation 
system, prior knowledge of the extent of wetted volume of root zone under wick emitters 
is essential. Furthermore, knowledge about vertical and horizontal distances to which water 
extends within growing media under a point source is vital in designing efficient micro-
irrigation systems. Therefore, two- dimensional modeling is essential for determining the 
horizontal and vertical directions of water movement within soil profile (Naglic et al., 
2012). Type of the wick material controls water absorption from the source/reservoir and 
distribution into the growing media. Although several studies (Assouline, 2002; Li et al., 
2006; Shen and Hao, 2006; Huang and Han, 2011) analyzed relationships between dripper 
discharge and wetting pattern for drip irrigation, to our knowledge, no studies have yet 
investigated water distribution and wetting pattern in soils and soilless growing media under 
wick irrigation system because wetting pattern in growing media under wick irrigation 
requires accurately measured parameters using several equipment. Also, little is known 
about two-dimensional modeling of water movement through the root zone and root-water 
uptake for potted plants. In this study, we investigated two-dimensional water distribution 
in two growing media – sandy clay loam and peatgro – and their wetting patterns under 
wick irrigation system and evaluated water balance for the potted plants.
MATERIALS AND METHODS
Container Setup
The experiment was done in a non-controlled greenhouse at a cash-crop field, which is 
used for teaching and research under the Universiti Putra Malaysia (UPM). Two plastic 
containers, each of 40 cm diameter and 43 cm height, were used: one for peatgro medium 
and the other for field soil (sandy clay loam). Each container was located under a PVC 
pipe, which was connected to a bucket that served as a water source/reservoir (Figure 1). 
A constant water level was maintained inside the PVC pipe by controlling water entry into 
it by means of a float placed in the bucket. A 3-cm gravel layer was placed at the bottom 
of both containers and was covered with nylon net to facilitate drainage and prevent 
water-logging in the containers. A small hole was made at the base of each container to 
drain out excess water, if there is any. One container was filled with peatgro and the other 
with sandy clay loam, which was collected from a vegetable farm of the UPM near the 
experimental greenhouse. Two representative eggplants (Solanum melongena L.) of 8 
weeks old were excavated from the vegetable farm and transplanted in the containers. When 
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filling with the growing media, the containers were instrumented with ECH2O-5TE data 
logger–capacitance sensors (Decagon Devices, Pullman, WA, USA) in order to measure 
water contents of the growing media. Three ECH2O sensors were installed horizontally 
in each container, 5 cm away from the trunk of the plant and at 10, 20 and 30 cm depths 
from the surface of the growing media. Two additional ECH2O sensors were installed, also 
horizontally, at 8 and 16 cm lateral distances from the trunk of the plant and at 10 cm depth. 
Horizontal position of the sensors in the containers enhanced their good contact with the 
growing media and minimized measurement error. The ECH2O sensors were calibrated a 
priori for water content measurement in the two growing media against their gravimetric 
water contents at different bulk densities. The gravimetric water contents of peatgro were 
determined by drying the material in oven at 60oC for 48 h following Cobos and Chambers 
(2010). Following Phogat et al. (2013b), the growing media in both containers with plants 
were saturated to remove air pockets and make the media settle. The plants were then 
irrigated manually for 10 days to enable them to adapt to the container environment. Three 
replicates of the growing media samples were collected in core samplers (5.2 cm diameter 
× 5 cm height) to determine (only) texture of the soil and bulk density of both media. Water 
content measurements in the containers with the ECH2O sensors were initiated after 10 
days of planting.
(a) (b)
Figure 1. Assembling of the watering system and container planted with eggplants in the growing media 
(peatgro and soil): (a) view of water control at inlet and (b) wick watering system
Wick Irrigation
Irrigation was applied to the plants in the containers with wick emitter (1 cm width × 25 cm 
length) having a discharge rate of 0.015 L h−1. The emitter was located on a half-circle of 
the container surface and 5 cm away from the plant trunk (Figure 1). The quantity of water 
application was based on evapotranspiration (ETc) of eggplants grown in greenhouse. In 
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order to determine ETc, the growing media in the containers were saturated and, afterwards, 
allowed to drain out excess water through the opening at the bottom for one hour. Each 
container with the plant was weighed with an analytical balance immediately after one 
hour drainage process and also 24 hours after the drainage process. The loss of weight of 
each container between the two measurements was ETc, which was expressed in terms 
of depth over the surface of the growing media in the container. The measurement was 
repeated for five times during a two-week period. It should be noted that the crop was in 
the second stage of vegetative and growth period. The observed average ETc was 5 mm 
day−1. Irrigation was initiated on 1 September 2014 and terminated on 21 September 2014. 
Irrigation was applied continuously (24 hours a day) during the 21 days of simulation.
Theory of Numerical Modeling by HYDRUS 2D
Water movement in soil and peatgro medium under capillary wick irrigation system was 
simulated by employing HYDRUS 2D/3D simulation model of  Šimůnek et al. (2012). 
This software package is capable of simulating two- and three-dimensional variably-
saturated water flow, heat transport and transport of multiple solutes. It solves Richard’s 
equation numerically by using finite element method for variably-saturated water flow 
and advection–dispersion equations for heat, water and solute transports. Additionally, 
the HYDRUS model allows users to specify water uptake by plant roots that influences 
spatial distribution of water and salinity of water during irrigation events. Assuming that 
the air phase does not play any important role in the flow process of water and also water 
flow due to thermal gradient is negligible, the two-dimensional governing flow equation 
is described by modifying Richard’s equation (Celia et al., 1990) as
 (1)
where θ is volumetric water content (L3L−3), h is pressure head (L), xi (i = 1, 2) is 
horizontal coordinate (L), z is vertical coordinate (positive upward), t is time (T), KijA 
are components of a dimensionless anisotropy tensor KA, K is unsaturated hydraulic 
conductivity (LT−1) and S(h, x, z) is a sink term that represents root-water uptake (T−1).
HYDRUS 2D/3D code was used to solve Eq. (1) using finite element method on the 
basis of mass conservative iterative scheme. Water extraction, S(h, x, z), was calculated 
based on Feddes’ model (Feddes et al., 1978), which sets root-water uptake rates according 
to soil-water pressure head, h, at any point in the root zone. Feddes’ model also defines the 
conditions in which transpiration is reduced below potential when soil cannot supply the 
amount of water required by crops under predominant climate conditions (Phogat et al., 
2012). In addition, additive or multiplicative model can be used for implementing osmotic 
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head reduction in HYDRUS code; the later model was considered for simulation in this 
study. Based on space and time, the actual local uncompensated root-water uptake was 
obtained by (Feddes et al., 1978; van Genuchten, 1987; Šimůnek and Hopmans, 2009)
  (2)
where S(h, hφ, x, z, t) is actual volume of water removed from a unit volume of soil per 
unit time (L3 L−3 T−1), Sp(x, z, t) is potential volume of water removed from a unit volume of 
soil per unit time (L3 L−3 T−1), α(h, hφ, x, z, t) is a prescribed dimensionless stress response 
function (0 ≤ α ≤ 1) of soil-water pressure head (h) and osmotic pressure head (hφ), b(x, 
z, t) is a normalized root-density distribution function (L−3), Tp is potential transpiration 
rate (LT−1) and Lt is width [L] of the soil surface associated with the transpiration process. 
The actual transpiration rate, Ta (LT−1), was then obtained by integrating Eq. (2) over the 
root domain ΩR as
  (3)
The soil-water retention function and unsaturated hydraulic conductivity function were 
described by using van Genuchten−Mualem constitutive relationships (Mualem, 1976; 
van Genuchten, 1980) as
 for 
 for      (4)
   (5)
where θr and θs denote residual and saturated water content, respectively (L3 L−3), m = 
(1 ‒ 1/n), Ks is saturated hydraulic conductivity (L T−1), α is inverse of the air-entry value 
(L−1), n is a pore-size distribution index >1, l is a pore-connectivity parameter and Se is 
effective saturation given by
      (6)
The governing water-flow and solute-transport equations in the HYDRUS package are 
solved using Galerkin finite element method applied to a network of triangular elements. 
The program interface allows users to manipulate time discretization and specification of 
boundary conditions.
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Estimation of Hydraulic Properties of the Growing Media 
Running the HYDRUS code requires assigning van-Genuchten parameters (θr, θs, α, n, l 
and Ks) to describe soil hydraulic functions (Eqns. (4) and (5)). Direct determination of 
these soil hydraulic parameters in the field or laboratory is time consuming and costly. So, 
they were estimated (Table 1) by using ROSETTA model (Schaap et al., 2001), which is a 
pedo-transfer function software and uses a neural network model to predict the hydraulic 
parameters from soil data. Soil particle size and bulk density, determined from the soil 
samples of planted container, were input to the ROSETTA model. The parameter l (Eq. 
(5)) was taken as 0.5 since this value was estimated for many soils by Mualem (1976). The 
ROSETTA model cannot, however, provide hydraulic parameters of soilless substrates. 
So, for peatgro, following Anlauf (2014), the hydraulic parameters were estimated from 
the measured pF/water-retention values by nonlinear least-square fit using EXCEL solver 
function.
Table 1
Hydraulic parameters of peatgro and sandy clay loam (Equations 4 and 5) used in model
Growing 
media
Saturated 
water 
content, θs 
(m3 m−3)
Residual 
water 
content, θr 
(m3 m−3)
Inverse air-
entry value, 
α (cm−1)
Pore-size 
distribution 
index, n
Saturated 
hydraulic 
conductivity, Ks 
(cm day1)
Pore-
connectivity 
parameter, 
l (-)
Peatgro 0.68 0.0 0.027 2.26 5875.2 0.5
Sandy 
clay loam 0.39 0.1 0.059 1.48 31.44 0.5
Root Distribution and Water Uptake Parameters
Plant-root distribution influences soil water and salinity distributions in the root domain 
under micro-irrigation. Because of constrained root growth in a closed system, such as 
in a container, its distribution for container-grown plants differs substantially from field-
grown plants. Phogat et al. (2013b) reported that in a closed system, roots developed more 
in vertical direction than in horizontal direction. Consequently, the root distribution for 
eggplants in the container was described by using the model of Vrugt et al. (2001), according 
to which the two-dimensional root-distribution function, b(x, z), is defined in HYDRUS by
 (7)
where z is depth (L) in the soil/peatgro profile (x, z), zm is maximum rooting depth (L) 
of the eggplants that was taken as the depth of container (40 cm), r is radial distance from 
the plant (L) and rm is maximum rooting length in radial direction (L) that was taken equal 
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to the radius of the container (20 cm). In Equation (7), pz (-), z* (L), pr (-) and r* (L) are 
all empirical parameters. When transferring the plants to the containers, both horizontal 
and vertical dimensions of the roots were measured following Phogat et al. (2013b). The 
parameters z* and r* represent, two-dimensionally, the zone of maximum root-water uptake. 
The value of z* was taken as 17 cm and that of r* was taken as 6 cm (Figure 2). 
Figure 2. Root distribution of a transplanted eggplant in the potted growing media
Hanson et al. (2006) considered the values of pz and pr for tomato plant to be unity. The 
root system of tomato is considered mostly similar to that of eggplant and, consequently, 
pz and pr were set equal to one except for r > r* and z > z* when they became zero (Ramos 
et al., 2012). The effects of water stress reduction were considered from the model of 
Feddes et al. (1978). The assigned model parameters are given in Table 2; the values of the 
parameters were adopted from tomato to be used for eggplants following Selim et al. (2013). 
Table 2 
Recommended parameters of Feddes et al. (1978) model for evaluating the effects of water stress reduction
Growing media Parameters of Feddes et al. (1978) model
p
o
 (cm) p
opt
 (cm) p
2H
 (cm) p
2L
 (cm) p
3
 (cm) r
2H
 (cm 
day-1)
r
2L
 (cm 
day-1)
Peatgro −1 −2 −25 −50 −100 0.5 0.1
Sandy clay loam −1 −2 −800 −1500 −8000 0.5 0.1
p0: pressure head below which plant roots begin to extract water from the soil
popt: pressure head below which plant roots extract water at the maximum rate
p2H: limiting pressure head below which plant roots are not able to extract water at the maximum rate at 
 potential transpiration rate of 0.5 cm day−1
p2L: limiting pressure head at potential transpiration rate of 0.1 cm day−1
p3: pressure head below which plant roots stop uptaking water, which is usually taken at wilting point
r2H: potential transpiration rate at which the limiting pressure head allows extracting water at the maximum 
 rate
r2L:  potential transpiration rate at which the limiting pressure head allows extracting water at the minimum 
 rate
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Multiplicative models were employed to combine the effects of water and salinity 
stress on root-water uptake. The threshold model of Maas (1990) was used to describe 
the osmotic effects with a threshold ECe of 2.5 dS m−1 to correspond to EC of the nutrient 
solution, and the decline per unit increase (slope) in ECe beyond the threshold value was 
fixed at 5% following Ünlükara et al. (2010). Note that, in HYDRUS, the simulation model 
requires salinity of nutrient solution as input.
Flow Domain and Simulations
HYDRUS 2D/3D was employed to simulate transient axis-symmetrical two-dimensional 
movement of water and solute by assuming that a two-dimensional problem approximates 
a three-dimensional flow process. The simulation domain was represented by a 40-cm 
deep and 20-cm wide half of cylindrical cross section of the growing media. A 25-cm long 
wick was set 5 cm away from the plant trunk in the containers. The transport domain was 
discretized into 3321 nodes, which corresponded to 6400 structured triangular elements as 
illustrated in Figure 3. The observation nodes corresponded to the locations where the five 
ECH2O sensors were installed (three sensors at 10, 20 and 30 cm depth, and two sensors 
at 10 cm depth and at 8 and 16 cm lateral distance from the plant trunk). Simulations were 
done for sandy clay loam and peatgro medium over a period of 21 days without interruption.
Figure 3. Axisymmetrical domain geometry of potted growing media with finite element discretization 
used in HYDRUS 2D simulations with observation nodes
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Initial and Boundary Conditions
HYDRUS 2D/3D requires setting boundary conditions along the outer sides of the flow 
domain. The upper surface of the growing media was subject to atmospheric boundary 
condition with a constant flux of 6.96 cm day−1 (0.015 L h−1) imposed by the wick emitter 
that resulted in a two-dimensional axis-symmetrical water flow. The boundary flux of half 
circle was set on 4 cm since the wetted diameter of the surface was 8 cm. The atmospheric 
boundary conditions were represented by actual evaporation (Ea = 0.3 cm day−1) and actual 
transpiration (Tp = 0.2 cm day−1). The vertical sides of the flow domain were no flow 
boundaries except for a 2-cm seepage face at the bottom boundary. The flux was determined 
by dividing wick discharge (370 cm3 day−1) by the area of wetted surface (50.24 cm2). The 
discharge of the wick (qe, ml day−1) was quantified by 
     (8)
where hc is capillary height of water (cm) in the wick. The initial soil-water distribution 
was based on the ECH2O sensor-measured values that varied from 0.22 to 0.27 m3 m−3 
from top to the bottom of the container. The initial peatgro-water distribution varied from 
0.20 to 0.30 m3 m−3 from top to the bottom of the container.
Statistical criteria
The performance of the model was evaluated by comparing the measured and HYDRUS-
2D-simulated water-content distributions at different positions of the soil and peatgro 
medium at different times. The quantitative measures of uncertainty, MAE and RMSE, 
were estimated by
     (9)
and
    (10)
where Mi and Si are the measured and simulated values of an output variable and N is 
the number of observations.
RESULTS AND DISCUSSION
Water Distribution and Wetting Pattern in the Growing Media
Tables 3−6 compare simulated water contents in the two growing media at different depths, 
lateral distances from the wick emitter and times with their measured water contents 
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within the flow domain. The distribution of water in the two growing media reflects water 
availability for eggplants, and plays an important role in water flow through the root zone. 
Two statistical indicators, MAE and RMSE, evaluated the level of agreement between the 
simulated and measured water contents at 10, 20 and 30 cm depths, and at 8 and 16 cm 
lateral distances with 10 cm depth. The measured water contents matched the simulated 
values well, both spatially and temporally, for the soil, but the agreement between the 
measured and simulated water contents was fair for the peatgro medium.
Water contents in the peatgro at all depths increased gradually with time until 15th day 
of simulation, and then decreased gradually during the following five days as illustrated 
in Figure 4. The decrease in water content with depth in the later days was attributed, 
mainly, to reduced wick efficiency as demonstrated by the observed lower wick discharge 
(330 ml day−1) in the last week of simulation than that (370 ml day−1) at the beginning of 
Figure 4. Distribution of simulated water content (m3 m−3) in the peatgro medium
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the experiment. Deeper depths exhibited larger deviations in water content due to that the 
lower part of the peatgro medium was in contact with the outside air through the drainage 
opening. Consequently, some water of the medium was lost in the form of evaporation. 
In contrast, the simulated water content increased with increasing depth; this trend in 
water content appeared to be more realistic than the trend in the observed water contents. 
Unlike the deviations in water content over depth, the deviations over lateral distance were 
more consistent (Table 4). The mean absolute error, MAE, in water contents over depth 
varied from 0.04 to 0.10 m3 m−3 and the RMSE varied from 0.04 to 0.10 m3 m−3, indicating 
considerable deviations between the measured and simulated water contents. The deviations 
might possibly be related to model input parameters, model structure and, to some extent, 
measurement errors. The accuracy of simulations also depended on the estimated hydraulic 
parameters used in the modeling and, hence, they should closely represent the experimental 
media (Phogat et al., 2012).
Table 3
Comparison of measured (M) and simulated (S) peatgro-water contents (m3 m−3) at different times and 
depths along with the mean absolute error (MAE) and root-mean square error (RMSE) of the water contents
Depth in 
container 
(cm)
Time (days)
5 10 15 20 Statistical indicators
M S M S M S M S MAE RMSE
10 0.27 0.22 0.27 0.25 0.31 0.28 0.27 0.31 0.04 0.04
20 0.26 0.25 0.27 0.29 0.32 0.32 0.25 0.36 0.04 0.06
30 0.23 0.28 0.24 0.33 0.29 0.38 0.25 0.42 0.10 0.11
Table 4 
Comparison of measured (M) and simulated (S) peatgro-water contents (m3 m−3) at different times and 
distances from the emitter along with the mean absolute error (MAE) and root-mean square error (RMSE) 
of the water contents
Distance 
from 
emitter 
(cm)
Time (days)
5 10 15 20 Statistical indicators
M S M S M S M S MAE RMSE
8 0.20 0.21 0.21 0.24 0.22 0.27 0.24 0.30 0.04 0.04
16 0.19 0.21 0.20 0.24 0.22 0.27 0.23 0.30 0.05 0.05
Similar to peatgro, the simulated water distribution in sandy clay loam was visually 
compared with the measured water distribution in Figure 5 for 10, 20 and 30 cm depths, 
and 8 and 16 cm lateral distances from the emitter with 10 cm depth. The water contents 
and statistical indicators are summarized in Tables 5 and 6. The small values of MAE (0.01 
to 0.02 m3 m−3) and RMSE (0.01 to 0.03 m3 m−3) for water contents at different depths 
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Figure 5. Distribution of simulated water content (m3 m−3) in sandy clay loam
Table 5
Comparison of measured (M) and simulated (S) soil-water contents (m3 m−3) at different times and depths 
along with the mean absolute error (MAE) and root-mean square error (RMSE) of the water contents
Depth in 
container 
(cm)
Time (days)
5 10 15 20 Statistical indicators
M S M S M S M S MAE RMSE
10 0.25 0.26 0.23 0.26 0.25 0.26 0.22 0.26 0.02 0.03
20 0.24 0.23 0.21 0.23 0.20 0.22 0.21 0.22 0.02 0.02
30 0.23 0.21 0.21 0.20 0.19 0.19 0.17 0.18 0.01 0.01
indicated good matching between the measured and simulated water contents. In case of 
lateral water distribution, the average MAE and RMSE, both of 0.025, also implied good 
performance of the model for predicting water contents. It is noted that water distribution 
Rowshon Md Kamal, Hadi Hamaaziz Muhammed, Mohammad Abdul Mojid, Ruediger Anlauf and Mohd Amin Mohd Soom
218 Pertanika J. Sci. & Technol. 27 (1): 205 - 223 (2019)
over depth was different in sandy clay loam from that in the peatgro medium. Both the 
measured and simulated water contents in the soil decreased with increasing depth, showing 
that a balance between the wick discharge and crop evapotranspiration was established.
The comparison of water-content distributions in the two growing media revealed that 
the wetted volume and lateral movement of water were greater in peatgro than in sandy clay 
loam during the simulation period. Because of different hydraulic properties (residual and 
saturated water contents), the peatgro medium could uptake water again and redistribute 
it, thus increasing the wetted volume and length of lateral movement. The low discharge 
rate of emitter, on the other hand, allowed more water to move in the vertical direction 
than in the horizontal direction (Badr and Taalab, 2007). The close agreement between the 
measured and simulated water contents in the two growing media demonstrated that the 
HYDRUS 2D/3D software package can successfully predict water movement in different 
growing media-filled containers planted with eggplants. Phogat et al. (2012), Ramos et al. 
(2012) and Phogat et al. (2013a & b) also reported good performance of HYDRUS 2D/3D 
for predicting water movement in different soils.
Water Balance Components
The water balance is based on the law of mass conservation, based on which the change 
in water content (∆S) in a given volume of a growing medium in a given period of time is 
equal to the difference between the amount of water added to the medium and the amount 
of water withdrawn from it. The water balance is thus expressed by (Phogat et al., 2013a)
     (11)
where I is irrigation, R is rainfall (not present in greenhouse experiment), ET is crop 
evapotranspiration and D is drainage, the dimensions of all components of Eq. (11) are in 
length. The simulated components of water balance over the 21-day experimental period 
are provided in Tables 7 and 8. The measured drainage was nil/zero during the experimental 
period. HYDRUS 2D/3D also simulated zero drainage during this period (Table 7). With 
a drip irrigation system, on the other hand, the amount of drainage could be up to 49% of 
Table 6
Comparison of measured (M) and simulated (S) soil water contents (m3 m−3) at different times and distances from 
the emitter along with the mean absolute error (MAE) and root-mean square error (RMSE) of the water contents
Distance 
from 
emitter 
(cm)
Time (days)
5 10 15 20 Statistical indicators
M S M S M S M S MAE RMSE
8 0.22 0.20 0.20 0.17 0.17 0.14 0.14 0.12 0.03 0.03
16 0.20 0.18 0.17 0.14 0.14 0.12 0.13 0.12 0.02 0.02
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the total water balance in a planted container (Phogat et al., 2013b). So, there is a clear 
advantage of the capillary wick system in saving irrigation water. Also, the simulated root-
water uptake (actual transpiration, Ta) was 17.5% of the applied water in the potted peatgro 
medium against 52.7% of the applied water in sandy clay loam, implying a lower water 
uptake rate in coarse texture medium than in fine texture medium. Selim et al. (2013) also 
observed similar results; root-water uptake rate was lower in sand than in loamy sand. As 
depicted in Figure 6, root-water uptake rate varied from 1.4 to 1.6 mm day−1 for peatgro 
and 1.7 to 2.0 mm day−1 for sandy clay loam. The closely matched potential root-water 
uptake and actual root-water uptake (Table 8) under capillary wick irrigation indicated 
high irrigation efficiency of the wick system. In addition, the wick irrigation system can be 
controlled and adjusted to the water requirement of plants. Evaporation from the peatgro 
medium was 65.6% of the applied water (Table 7) that was considerably large compared to 
evaporation from sandy clay loam (47.3%). Argo (1998) reported a surface evaporation loss 
of 50% of applied water from the peatgro medium. The evaporation loss depends, mainly, 
on the component materials of the growing media in addition to the prevailing climatic 
conditions. Any fiber material in the growing medium adopts the role of capillary tube, 
and accelerates evaporation by transporting water to the medium surface (Argo, 1998). 
The simulated water balance in the two growing media under slightly, but sustained, deficit 
irrigation demonstrated that plant roots were forced to extract whatever water was applied 
and stored in the root zone.
Table 7
Simulated components of water balance of the source and sink after 21 days
Components
Peatgro medium Sandy clay loam
(mm) (%) (mm) (%)
Sources Irrigation 105.0 66.2 105 82.0
Soil-water depletion 53.7 33.8 23.0 18.0
Sinks Actual root uptake 54.7 34.4 67.5 52.7
Evaporation 104.3 65.6 60.5 47.3
Drainage 0 0 0 0
Table 8
Simulated components of daily water balance under capillary wick irrigation
Components
Peatgro medium Sandy clay loam
(mm day−1) (mm day−1)
Potential root-water uptake 2 2
Actual root-water uptake 1.67 1.77
Evaporation 3 1.8
Drainage 0 0
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Figure 6. Simulated actual root-water uptake for sandy clay loam and peatgro medium
CONCLUSION
Water distribution pattern in the crop-growing media under wick emitters differed from 
traditional and modern watering methods in that the emitters’ flow wetted the growing 
media in an axially symmetric pattern rather than in a one-dimensional pattern. This study 
combined HYDRUS 2D modeling with potted eggplant cultivation in two growing media 
and compared simulated and measured water contents as well as estimated root-water 
uptake under capillary wick irrigation system. Water application period and hydraulic 
properties of the growing media controlled spatial extent of the wetted zone in the media. 
Water movement below the emission point was more prominent in vertical direction than 
in horizontal direction. Consequently, for growing media with high infiltration capacity 
like peatgro, capillary wick irrigation is recommended from top of the media instead of 
within the media in order to retain water and fertilizer for a prolong time. The observed 
and simulated zero drainage over a 21-day experimental period demonstrated no water 
wastage in capillary wick irrigation system with high efficiency. Water-uptake efficiency 
was higher in sandy clay loam (finer medium) than in peatgro medium (coarser medium). 
The predicted water distribution agreed well with the observed values for both growing 
media with relatively small MAE and RMSE; however, the model performed better for 
sandy clay loam than for the peatgro medium. Although, the potential and actual root-
water uptakes agreed well, the later (1.77 mm day−1) was higher in sandy clay loam than 
in the peatgro medium (1.67 mm day−1). The predicted surface evaporation over 21 days 
accounted for 65.6% of the applied water in peatgro medium against 47.3% in sandy clay 
loam. More experiments and modeling study over longer time period are needed to assess 
maximum lateral extent of water distribution, and water and nutrient uptake by potted 
plants under wick irrigation system.
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